Among four crude oil-degrading fungi strains that were isolated from a petroleum-polluted area in the Rumaila oil field, two fungi strains showed high activity in aliphatic hydrocarbon degradation. ITS sequencing and analysis of morphological and biochemical characteristics identified these strains as Penicillium sp. RMA1 and RMA2. Gravimetric and gas chromatography analysis of the crude oil remaining in the culture medium after 14 days of incubation at 30 C showed that RMA1 and RMA2 degraded the crude oil by 57% and 55%, respectively. These strains reduced surface tension when cultured on crude oil (1% v/v) and exhibited a cell surface hydrophobicity of more than 70%. These results suggested that RMA1 and RMA2 performed effective crude oil-degrading activity and crude oil emulsification. In conclusion, these fungal strains can be used in bioremediation process and oil pollution reduction in aquatic ecosystems.
Introduction
Crude oil is a major source of income for Iraq, which is one of the largest global oil producers and exporters and nearly ranked fourth in the world in terms of oil reserves. Incidental spills of crude oil and frequent illegal disposal of oil waste lead to serious damage to environmental life. Cleaning up sites contaminated with crude oil is a priority task for the reparation of the natural environment and commonly accomplished using chemical, physical, and thermal methods. However, these methods are relatively expensive and require site restoration. Numerous physicochemical and biological methods have been assessed for treating oil-contaminated environments [1] .
Biological treatment is preferred to physicochemical processes because of its feasibility, reliability, and capability to achieve high removal efficiency with low cost. Other reasons include the simplicity of its low-energy design, construction, operation, and use, and its use of biodegradation rather than the accumulation of hydrocarbons at another stage or degradation using chemical agents; biological treatment is thus a cost-effective method [2, 3] . In a biological process, microorganisms can use hydrocarbon as their sole energy and carbon source and degrade instead of accumulate them at another stage [4] . Biological treatment can have an advantage over physicochemical treatment systems in the removal of spills because it provides vital biodegradation of oil parts by microorganisms, is a "green" alternative for treating hazardous contaminants due to its lack of environmentally degrading effects, and may be cheaper than other methods [5] .
Various microorganisms, such as bacteria, algae, yeasts, and fungi, have the potential to degrade hydrocarbons. Indigenous microorganisms with specific metabolic capacities have played a significant role in the biodegradation of crude oil and have probably adapted to environments that require treatment [6] . Rahman et al. [7] reported that bacterial consortia isolated from crude oil-contaminated soils have the capacity to degrade crude oil fractions.
Besides bacteria, fungi are one of the best oil-degrading organisms; various studies have identified many fungal species capable of using crude oil as their sole source of carbon and energy, such as Cephalosporium, Rhizopus, Paecilomyces, Torulopsis, Pleurotus, Alternaria, Mucor, Talaromyces, Gliocladium, Fusarium, Rhodotorula, Cladosporium, Geotrichum, Aspergillus, and Penicillium [8] [9] [10] .
EL-Hanafy et al. [11] found that the Aspergillus and Penicillium isolated from oil-contaminated sites near the Red Sea in the Yanbu region were highly efficient in crude oil degradation. The use of fungi as a means of bioremediation provides an effective option of cleansing the environment of contaminants.
The present study aimed to screen and identify oil-degrading fungal strains from crude oil in various polluted sites in the Rumaila oil field, Iraq, and examine the capability of indigenous fungi to degrade crude oil. This region was selected because it plays a significant role in the Iraqi crude oil industry.
Materials and methods

Chemicals
Crude oil from the Rumaila oil field was obtained from the Southern Oil Company (Basra, Iraq). Other chemicals used were of analytical reagent grade.
Sample collection
Soil samples from the surface layer (5-10 cm) were collected from the Rumaila oil field, Basra, Iraq, and maintained in plastic containers.
Isolation and identification of fungi
Mineral salt medium (MSM) and potato dextrose broth were used for the isolation and maintenance of fungal isolates. Five grams of each collected soil sample were incubated in 250 Erlenmeyer flasks containing 100 mL freshly prepared MSM, which consisted of NaCl (0.5 g/L), (NH 4 ) 2 SO 4 (0.1 g/L), NaNO 3 (0.2 g/L), MgSO 4 Á7H 2 O (0.025 g/L), K 2 HPO 4 Á3H 2 O (1.0 g/L), and KH 2 PO 4 (0.4 g/L), with 7.0 pH and supplemented with 1% crude oil, for 7 days at 30 C and 150 r/min on a rotary shaker.
Following enrichment, parts of the medium were transferred and inoculated onto MSM plates containing 1% and 1.5% of crude oil and agar, respectively, and incubated at 30 C for 37 days. Finally, various pure colonies were collected from the plates and stored in PDA slants. Four isolated strains were selected for further study on the basis of their capability to grow on the MSM containing 1% crude oil.
Morphology of isolated strains
Pure fungal isolates were examined under a light microscope for their morphology, namely, size, shape, spore texture, and color. The fungi were identified using morphological characters and taxonomic keys provided in the mycological keys [12] .
Molecular identification of isolated strains
Total DNA isolation was conducted following a modified CTAB method [13] . For molecular identification, PCR amplifications of ITS1 and ITS4 regions were performed in a volume of 25 mL, containing 1 mL of each specific primer, namely, ITS1F (forward) (5 0 -TCCGTAGGTGAACCTGCGG-3 0 ) and ITS4R (reverse) (5 0 -TCCTCCGCTTATTGATATGC-3 0 ), 12.5 m/L 2 Â Tsingke Master Mix blue (Tsingke Biological Technology Co., Ltd), and 1 m/L template DNA. DNAse/RNase-free distilled water was used to create the 25 mL volume. The thermocycling for PCR amplifications was in accordance with the manufacturer's instructions. After electrophoresis detection, the PCR products were sequenced using a 3730xl DNA sequencer (ABI, USA) by Tsingke Biological Technology, Co., Ltd. Sequences were checked in the similarity rank from FASTA Nucleotide.
Database queries were used to estimate the degree of similarity with the sequence of other genes by the NCBI website (http:// www.ncbi.nem.nih.gov). Phylogenetic trees and sequence analyses were constructed by the neighbor-joining method using the software MEGA (Version 6.0) [14] .
Crude oil degradation
Biodegradation experiments were performed in 250 mL Erlenmeyer flasks containing 100 mL of MSM with 1% crude oil as sole carbon source. Prior to adding crude oil, media were sterilized through autoclaving at 121 C for 30 min. Five 5 mm plugs cut from the outer edge of an actively growing culture on a PDA plate were transferred into the MSM supplemented with crude oil. The flasks were incubated at 30 C for 14 days. Non-inocula were used as the control. All experiments were performed in triplicate.
A modified 2,6-Dichlorophenol indophenol (DCPIP) method was used to estimate the degradation capability of crude oil by Penicillium sp. RMA1 and RMA2. Five 5 mm mycelial plugs of RMA1 and RMA2 were inoculated onto degradation media with 0.4 mg/ mL of DCPIP and incubated for 14 days at 30 C. The decolorization of DCPIP (from blue to colorless) indicated a crude oil-degradation capability of the strains RMA1 and RMA2.
Degradation kinetics
The degradation of crude oil fits first-order reaction kinetics and can thus be expressed as follows:
where Ct is the residual crude oil concentration at any time; C0 represents the initial crude oil; K denotes the speed constant, which reflects the degradation rate; and t stands for time (day). The half-life period of crude oil was calculated as follows:
where k is the biodegradation rate constant (day À1 ).
Extraction and analysis of crude oil
The remaining crude oil was extracted from each sample using chloroform with an equal volume of degradation media. Moisture was removed from the extracted crude oil using anhydrous sodium sulfate. The chloroform was evaporated in a 55 C water bath with a rotary evaporator. Finally, the solvent was evaporated by exposure to nitrogen gas. The treated/extracted crude oil was analyzed by gravimetric analysis and gas chromatography (GC).
Gravimetric analysis
The gravimetric determination of the residual crude oil after biodegradation was performed by weighing the quantity of the crude oil. The estimated crude oil degradation efficiency was calculated as follows:
where r 0 is the initial concentration of the crude oil, r 1 denotes the remaining crude oil concentration at different incubation periods, and r 2 represents the concentration of abiotic removal.
The depletion of the crude oil in the medium was determined, and the specific degradation rate was calculated as follows:
where dx is the change in concentration of the substrate, x 0 represents a substrate concentration, and dt denotes a time interval.
Gas chromatography
GC analysis was performed on a MIDI-Sherlock GC (Agilent, USA), which was equipped with a flame ionization detector. Crude oil was separated on the 19091z-433 PH-1 capillary column (30 m Â 0.25 mm Â 0.25 mm) under the following conditions. The inlet temperature program was 50 C/min.
The initial and final temperatures of the oven were kept 35 C (5 min) and 28 C. The temperature program of the oven and final hold time were 10 C/min and 15 min, respectively. Nitrogen was used as carrier gas. Detector temperature was 280 C. Hydrogen gas and air flow rates were 40 and 400 mL/min, respectively. One microliter of sample was injected with a 1:50 split ratio, and the total run time was 58.12 min. Crude oil biodegradation was quantified using an external standard method.
Emulsification activity, fungi adherence to hydrocarbons, and liquid surface tension
An equal volume of cell-free culture broth (obtained by centrifugation at 5000 Â g at 4 C for 5 min) and crude oil was mixed by a vortex for 2 min and incubated at room temperature for 24 h. Emulsification activity percentage was calculated by dividing the height of the emulsified layer (mm) by the total length of the solution column (mm). Fungal adhesion to hydrocarbons was tested as described by Pruthi and Cameotra [15] .
The surface tension of the fungi culture was measured using a Force Tensiometer-K100 (Hamburg, Germany). After 14 days of fungal culture, the surface tension was tested using the Wilhelmy plate technique and expressed in mN/m À1 units.
Data analysis
Statistical analysis was performed using SPSS package program Version 20 for Windows (SPSS Inc., Chicago, IL).
Results and discussion
Isolation and identification of crude oil-degrading fungi
Four fungi strains were isolated from enrichment cultivations that were performed at 30 C for 14 days. Two of the isolated strains exhibited a higher rate of growth on crude oil than the others and were thus selected for further study. These strains (RMA1and RMA2) were initially identified using classical morphological and biochemical tests. Molecular identification of isolated fungi was performed by amplifying and sequencing the ITS region. The surface tension MSM without fungi was 61.7 mN/m. Data are given as means AE SD from triplicate determinations. The ITS region of the filamentous fungi strains was sequenced, and sequences were submitted to GenBank with accession numbers KY883662 (RMA1) and KY88661 (RMA2). The results of the identification procedure showed that the isolated fungi were affiliated to genus Penicillium. Fig. 1 illustrates the phylogenic trees of these isolated fungi strains.
Estimation of hydrocarbon degradation capability through 2,6-DCPIP assay
Five 5 mm plugs of Penicillium sp. RMA1 and RMA2 from the plates were aseptically extracted by a sterile cork borer and inoculated into 100 mL of MSM supplemented with 1% (v/v) crude oil and 40 mg/100 mL of redox indicator. The cultures were incubated at 30 C and shaken at 150 rpm for 14 days. The change in the color of the inoculated degradation medium from deep blue to colorless indicated the capability of the fungi to degrade crude oil. One milliliter of RMA1 and RMA2 mycelial suspension was inoculated in a tube containing 10 mL MSM with 1% crude oil and 0.16 mg/L of DCPIP, respectively.
The tubes were incubated at 30 C at 60 rpm. The color gradually changed from deep blue to colorless, and this reaction suggested that Penicillium sp. RMA1 and RMA2 could degrade crude oil. During the microbial oxidation process to petroleum hydrocarbons, electrons are transferred to electron acceptors, such as nitrates, sulfates, and O 2 . The capability of a microorganism to use hydrocarbon substrate can therefore be checked using an electron acceptor, such as DCPIP, by observing the color change of DCPIP from blue (oxidized) to colorless (reduced) [16] .
The mechanism used by fungi to biodegrade crude oil can be observed by incorporating an electron acceptor, such as DCPIP [8, 11] . This result indicated that the two fungi had the capability to degrade crude oil. Therefore, DCPIP assay is an effective method for screening crude oil-degrading strains [11] . DCPIP decolorization, crude oil weight loss, and fungal proliferation are considered main indicators that help identify fungal isolates that can degrade crude oil. Table 1 shows the effect of crude oil on cell growth, cell surface hydrophobicity, surface tension, and emulsification activity of Penicillium sp. RMA1 and RMA2 after 14 days of incubation at 30 C. The two strains had the same high cell surface hydrophobicity (71.5%); this characteristic might be an important property in crude oil degradation [17] .
Emulsification activity, cell surface hydrophobicity, and surface tension
In addition, the two strains could significantly decrease surface tension (Table 1 ). This result suggested that biosurfactant production by these strains led to a decrease in surface tension, but no difference was observed between two strains belonging to the same genus [5] . A direct relationship between the crude oil biodegradation of fungi strains and a decrease in surface tension was found.
Our results were similar to those of Hassanshahian et al. [17] who isolated two crude oil-degrading yeast strains, Yarrowia lipolytica PG-20 and PG-32, from the Persian Gulf. Mnif et al. [18] studied eight Tunisian hydrocarbonoclastic oil field bacteria and found that the surface tension decreased from 68 mN/m to 35.1 mN/m, and this change suggested biosurfactant production. The production of biosurfactants by microbes is directly proportional to the amount of hydrocarbon degradation [19] . Varadavenkatesan and Murty [20] found a reduction in surface tension to 36.1 mN/m at 96 h caused by a biosurfactant yield that reached 0.64 by using MSM in the crude oil.
The emulsification activity of Penicillium sp. RMA1 was slightly higher than that of Penicillium sp. RMA2. On the basis of this activity, cell surface hydrophobicity, and surface tension, the two strains were observed and validated to be indeed capable of crude oil degradation.
Biodegradation of crude oil by two fungal strains
Numerous studies have shown that various hazardous contaminants can be degraded by fungi, including Aspergillus spp., Fusarium spp., Cunninghamella echinulata, Talaromyces spp., Rhodotorula spp., Gliocladium spp., Penicillium spp., Cladosporium spp., and Geotrichum spp. [21, 22] .
Crude oil composition was analyzed using a gravimetric method after a 7, 10 and 14 days treatment with the Penicillium strains RMA1 and RMA2 (Fig. 2) . The results showed that Penicillium sp. RMA1 and RMA2 were capable of using crude oil as carbon and energy source for growth. All the fungal strains used for the degradation of crude oil in MSM were found to be potential degraders; during the 7-day incubation, RMA1 and RMA2 degraded crude oil by 52% and 49%, respectively (Fig. 2) . Moreover, the degradation level continued to slightly increase during the 14day incubation period. At the end of this incubation, RMA1 and RMA2 degraded crude oil by 57% and 55%, respectively ( Table 1) .
The specific degradation rates of RMA1 and RMA2 were 0.040 and 0.039 per day, respectively. However, the degradation rate was merely 0.007 per day in the control (no fungi). When the degradation rate constant and half-life period of RMA1 and RMA2 were determined following the first-order kinetics model equation, the rate constant was higher in RMA1 (k = 0.807 per day, t 1/2 = 0.858 day) than in RMA2 (k = 0.737 per day, t 1/2 = 0.939 day). No significant difference in rate constant and half-life period was found between the two strains during crude oil degradation after 14 days of incubation.
EL-Hanafy et al. reported that two fungal strains affiliated to Penicillium and Aspergillus degraded crude oil at rates of 48% and 54% [23] . Aspergillus versicolor and Aspergillus niger had the fastest onset and highest extent of biodegradation of all studied fungi within 7 days of incubation [24] . The hydrocarbon degradation capabilities of Penicillium sp. RMA1 and RMA2 in the present work were close to the findings of EL-Hanafy et al. [11] . Zhang et al. [25] found that the six Aspergillus spp. isolated from oil-contaminated soil in the Ansai oilfield have high efficient in degrading crude oil. Many researchers have reported that certain fungal species are efficient metabolizers of hydrocarbons, such as Helminthosporium spp., Rhizopus spp., Fusarium spp., Aspergillus spp., and Penicillium spp. [26] . Fig. 3 shows the GC graphs of the crude oil treated by Penicillium sp. RMA1 and RMA2 in comparison with the control. Penicillium sp. RMA1 decreased the peaks of the aliphatic component in the crude oil slightly better than strain Penicillium sp. RMA2 did. No significant difference was observed between the two strains. Zhang et al. [5] reported that P. aeruginosa DQ8 isolated from oilcontaminated soils (Daqing oil field, China) could grow and degrade crude oil and diesel in aqueous solutions. However, with increased n-alkane chain length, the percentage of degradation was decreased because long n-alkane chain lengths are solid and have low solubility for degradation by fungi. The degradation of alkanes was consistent with the findings of Hassanshahian et al. [17] .
The percentage degradation of the n-alkanes (C11-C25) present in the crude oil was calculated by comparing the GC of the undegraded controls with those from each strain ( Table 2 ). Varjani and Upasani [27] reported that P. aeruginosa NCIM showed 61.03% of biodegradation of C8-C36 hydrocarbons. Zhang et al. [28] found that C12-C21 n-alkanes in crude oil could be degraded within 8 days using Geobacillus sp. SH-1 collected from a deep oil well in Shengli oil field, China. These results suggested that the two strains had lower capability to degrade C21-C25 n-alkanes than C11-C20 n-alkanes. RMA1 and RMA2 can use aliphatic hydrocarbons, such Table 2 Percentage of n-alkane degradation in crude oil by Penicillium sp. RMA1 and RMA2 after 14 days of incubation at 30 C, the alkane degradation rate was determined by calculating the subsurface of alkanes in a GC chromatogram against a control. as n-undecane, n-dodecane, n-tridecane, n-tetradecane, n-pentadecane, and n-hexadecane. Covino et al. [29] investigated Folsomia candida isolated from an oil-polluted soil; 79% mid-and long-chain aliphatic hydrocarbon reductions were observed. The Dietzia strain is capable of metabolizing a wide range of n-alkanes (C6-C40) [30] . Moreover, the possible different hydrocarbon metabolic pathways in the various microbial strains were indicated. Therefore, enhancing microbial recovery to degrade a wide range of hydrocarbons and crude oil is crucially significant for the bioremediation of oil pollution.
Strain alkane
Conclusions
In this study, two crude oil-degrading strains Penicillium sp. RMA1 and RMA2 were isolated from the Rumaila oil field. These strains exhibited high levels of crude oil degradation, which can possibly be used for bioremediation. A direct relationship was found between the cell hydrophobicity of fungal strains and their capabilities for emulsification, crude oil biodegradation, and surface tension reduction.
